In this paper, we analyze the performance of vertical handover (VHO) algorithms for seamless mobility between WiFi and UMTS networks. We focus on a no-coupling scenario, characterized by the lack of any form of cooperation between the involved players (users and network operators). In this context, we first propose a low-complexity Received Signal Strength Indicator (RSSI)-based algorithm, and then an improved hybrid RSSI/goodput version. We present experimental results based on the implementation of a real testbed with commercial WiFi (Guglielmo) and UMTS (Telecom Italia) deployed networks. Despite the relatively long handover times experienced in our testbed, the proposed RSSI-based VHO algorithm guarantees an effective goodput increase at the MTs. Moreover, this algorithm mitigates the ping-pong phenomenon.
Introduction
In order to be Always Best Connected (ABC) [7] , the user should be able of taking advantage of the best available access network at any point in time, choosing among the large array of solutions offered by the market, including the various generations of cellular networks (e.g., GSM/GPRS, UMTS, and LTE) [5] , metropolitan area networks (e.g., IEEE 802.16 [10] and HiperLAN [4] ), wireless local area networks (e.g., IEEE 802.11a/b/g/n [8]), and also personal area networks (e.g., Bluetooth [14] ). To this end, it is necessary to make the transition of a mobile terminal (MT) between access points 1 belonging to heterogeneous networks possible. A mechanism used to perform this task, possibly in a transparent way from upper-layer applications and "painlessly" from the user perspective, is commonly referred to as Vertical HandOver (VHO). A VHO procedure is composed by three main phases: initiation, decision, and execution [13] . The most relevant international standardization effort regarding VHO, namely the IEEE 802.21 standard [9] , refers only to the first two phases (initiation and decision) that are relatively technology-independent, but it deliberately ignores the execution phase. The latter is considered by other standardization bodies, like the 3GPP consortium [5] or the Internet Engineering Task Force (IETF) [11] .
In this work, we only focus on a no-coupling scenario, i.e., a scenario without any form of cooperation between the involved players (users and network operators) [13] . In the considered scenario, we adopt a Mobile terminal-Controlled HandOver (MCHO) approach, characterized by the fact that the MT is the only active player in the VHO process [1] . The algorithms presented here are low-complexity extensions of the hybrid Received Signal Strength Indicator (RSSI)/goodput VHO algorithm, between UMTS and WiFi networks, originally presented in [12] . In particular, the latter algorithm is based on the estimation of both the received power and the instantaneous goodput available at each network interface. However, obtaining an accurate goodput estimate is, from a practical viewpoint, very challenging. Therefore, we modify the original VHO algorithm of [12] to derive a pair of simpler, yet with good performance, VHO algorithms suitable to a real-world scenario. The two low-complexity algorithms are described, respectively, in Section 2 and Section 3, while their performance, evaluated experimentally, is presented and discussed in Section 4. Finally, concluding remarks are given in Section 5.
In the following, the subscripts U and W will indicate, respectively, the UMTS and WiFi networks. For the purpose of notational simplicity, the symbol x will be used to indicate a generic interface (U or W). Moreover, the pair of terms WiFi and IEEE 802.11 and the pair of terms UMTS and 3G will be used interchangeably.
A Low-Complexity RSSI-Based VHO Algorithm
The first simplified novel VHO algorithm is derived from the algorithm presented in [12] by applying the following modifications.
-The goodput is no longer considered to make a handover decision.
-The VHO algorithm is asymmetric, as it assigns an implicit preference to the IEEE 802.11 network. In fact, WiFi connectivity is currently less expensive (at least in Italy) than 3G connectivity. Moreover, our experimental results have shown that the bandwidth offered by IEEE 802.11 networks is typically larger than that offered by 3G networks. -The received power is replaced with the RSSI, as the latter can be measured more easily from the received packets. -The waiting times between consecutive operations are removed, due to their inefficiency.
We now describe the operations of the novel VHO algorithm, with reference to the dataflow shown in Fig. 1 (a) . The algorithm is entirely based on the RSSI measurements. Note that in both WiFi and UMTS cases the instantaneous RSSI values are considered. In the WiFi case, the filtered values of the RSSI (denoted as RSSI ESA W ) are also considered to avoid instantaneous RSSI peaks in the WiFi network.
The instantaneous RSSI value RSSI x (of any interface) is compared with two thresholds, denoted as TH U x and TH L x . The lower threshold TH L x is used to determine when the RSSI is not sufficient to guarantee a stable connectivity: therefore, it is slightly higher than the corresponding interface sensitivity. Clearly, when RSSI x < TH L x the connection on the interface x is turned down. On the other hand, the upper threshold
